Lithium batteries are increasingly being considered for installation as power sources in electric and hybrid vehicles, because of their high specific energy and power. To effectively size the vehicle Rechargeable Energy Storage System, it is very important to be able to mathematically model their behaviour. Battery modelling is also very useful for on-line management of electric and hybrid vehicles. This paper presents a dynamic model of lithium batteries based on experimental tests on high power Lithium-polymer models. The results can be adapted, with suitable parameter evaluation, to other lithium batteries as well.
INTRODUCTION
Electric vehicles (EVs) were among the earliest automobiles, much before the pre-eminence of the internal combustion engines; and in-fact, out-sold the gasoline-powered vehicles in the early twentieth century. However, they lost out to the lighter gasoline-powered vehicles which had higher speeds and range, and disappeared. They made a comeback in the 1990s, primarily with lead-acid batteries, as a result of rising worldwide concern about rising pollution levels and petroleum use. However, these batteries were bulky and had a number of drawbacks. Later, batteries based on nickel-cadmium and nickel-metal hydride were used, but they have gradually given way to light-weight lithium-based batteries.
Lithium-ion batteries are superior to all other battery technologies with their high energy and power density, wide temperature range, long cycle and calendar life, lower serfdischarge, fast charging rate and absence of the so-called memory effect. They have, therefore, become the de-facto standard in consumer electronics. This has paved the way for widespread use of lithium based batteries as the main source of energy for battery-electric vehicles (BEVs). In addition, lithium batteries can be effectively sized to obtain high specific powers which are needed for hybrid power train schemes. 4 shows a significant deviation between the OCV measured after previous charge and that measured after previous discharge -a phenomenon called hysteresis.
Unfortunately, there is a clear lack of suitable mathematical model which accurately predicts its behaviour. Models of the propulsion Rechargeable Energy Storage System (RESS) are important -both at the vehicle design phase, to simulate the vehicle behaviour reliably, and on-board a vehicle during its operation, to estimate future battery performance and battery state-of-charge (SOC).
A GENERAL APPROACH TO BATTERY MODELLING

ELECTROCHEMICAL AND EQUIVALENT NETWORK APPROACHES
There are two different approaches which are usually followed to study the behaviour of an electrochemical battery:
• the use of electro-chemical analysis of the inner behaviour of the battery. There are a lot of papers in literature which follow this approach, such as those reported in [1] [2] ;
• the use of equivalent electric networks. This approach, as well has been used by several authors in the past [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15] .
Although both approaches are common, the first approach is predominantly used by battery manufacturers and battery chemistry researchers and is not very useful for electrical engineers and system integrators who need easy-to-use models which are expressed in terms of quantities they are used accustomed to, such as voltages and currents. Consequently, the second approach, which is easier to use, for modelling electric and hybrid vehicle batteries, has been adopted.
Although the literature mostly refers to different kinds of lithium-based batteries, some papers related to other types of batteries (more often the lead-acid ones) have also been enclosed, to present general structures that could easily be adapted to lithium-batteries (of different kinds).
A general representation of the electric equivalent circuit of an electrochemical accumulator is shown in figure 1.
In this figure: • the branch containing the battery electromotive force E m , represents the main reversible reaction of the battery: the charge stored in the battery during the charge process is the time integral of the current I m entering that branch. This branch is modelled as an electromotive force, and a function of the battery SOC and the electrolyte temperature (assumed to be uniform) T.
• the branch containing the battery electromotive force E p , represents the parasitic reactions inside the battery which are not associated with charge accumulation inside the battery. For example, in lead-acid batteries, the parasitic reaction is constituted by the water electrolysis that occurs at the end of the charge process.
• the impedances are represented as functions of the laplacian transform 1 variable s, since in this way a single Z(s) can be representative of any network of resistor and/or capacitor and/ or inductor components. For instance, the network containing two resistors in parallel with two capacitors reported in figure 3 , constitutes an expansion of the laplacian impedance Z(s)
In large regions of battery operation, the parasitic reaction effects can be neglected. For instance, in the case of lead-acid batteries it can be neglected during the discharge process and during the initial stages of charging [7] . Parasitic reaction effects are much more negligible in lithium batteries, as it is clear from the very high coulombic efficiency they show. For this reason, the simplified model of the kind shown in figure 2 can be used.
The model shown in figure 2 can be used for batteries that show a very high coulombic efficiency: i.e, the parasitic reactions have little influence on the battery behaviour. If the battery, for a given SOC and temperature, has a linear behaviour, the branch impedance is a function of the Laplace variable s only.
In several battery types, including the lithium batteries, however, more complex modelling is necessary.
In case of modelling Z m as a function of Laplace variable s, very often the dependence of Z m (s) is explicitly rendered using networks of parameters depending only on SOC and temperature (θ). As an example, in [7] the main branch of a Lead-acid battery model is expressed in terms of resistors and capacitors, as shown in figure 3 . 
CAPACITY AND THERMAL BEHAVIOUR MODELLING
The components in the circuits presented in the previous section are not constant: they normally depend upon the battery SOC and battery inner temperature. The latter, in the model proposed, has necessarily to be unique for the whole battery, since the equivalent circuits depend on a unique value of the temperature; consequently, in practical cases in which the temperature is not uniform inside the battery, this value is taken as the average or an equivalent value of temperature inside the battery.
This unique temperature can be computed with sufficient precision using the thermal equation of a single homogeneous mass exchanging heat with the surrounding air:(1)
or, equivalently:
A practical way to define the battery State of Charge (SOC) is to start from the quantity called extracted charge defined as:
(it is assumed that the battery is completely full at t=0).
Then, the definition of SOC is:
where C SOC is the capacity of the battery considered.
A problem in the complete definition of SOC arises from the fact that the charge that can be extracted from a given battery depends upon several quantities; considering a constantcurrent discharge, it depends upon:
• battery temperature (or, somehow equivalently, ambient temperature)
• value of the discharge current
• end-of-discharge voltage.
The end of discharge voltage can be defined, once the system in which the battery is inserted is defined. In case of an Electric Vehicle (EV) or a Hybrid Electric Vehicle (HEV), for instance, the battery interfaces with a Power Electronic Device that can be controlled in such a way that no power is withdrawn from the battery if the voltage falls below a given threshold. This threshold can then be assumed as the end-of-discharge voltage.
The dependence of the capacity on the discharge current is very different from one battery typology to another. Just to give an idea, if, as usual, C 1 and C 10 indicate the battery capacities when they are discharged in 1h and 10h respectively, the ratio C 10 /C 1 is typically around 2 for lead-acid batteries and just around 1,1 for Nickel-Cadmium and Lithium-polymer batteries. Therefore, for the SOC to be defined correctly, it is important to specify the discharge time along with the C SOC .
In the case of lead-acid batteries, some authors proposed [7] a dynamic definition of SOC, one associated with the capacity that the battery can deliver when discharged with a very small current (say C 20 or C 100 ), and the other associated with an average value of the current the battery is currently delivering. This practice is less justified for those batteries such the lithium-based in which the dependence of the capacity on the discharge current is not very marked.
The strong dependence of the SOC on the battery temperature requires the numerical value of the SOC to be normally associated with the temperature which that SOC refers to.
EXPERIMENTAL DETERMINATION OF A LITHIUM BATTERY MODEL
CREATING THE BASIC STRUCTURE OF THE MODEL
The problem of mathematical modelling of the lithium battery was solved by determining it experimentally. The generic approach presented in this paper can be applied to any type of lithium battery. For validation of results, NMC lithium batteries were used. The experimental results have shown the coulombic efficiency 2 of the considered battery to be as high as 99,1%. This suggests that, at least as a first approximation, the parasitic branch of the equivalent model of figure 1 can be neglected, and an equivalent model of the type shown in figures 2 or 3 can be used.
It is to be stressed that the unavoidable presence of parasitic reactions (or, equivalently of coulombic efficiencies below unity), even in cases which do not create visible effects on a single charge/discharge cycle in a single cell, surely can, over long periods of time, create uneven charge distribution among cells in series, that must be corrected to avoid serious battery problems. Once the general structure of figure 3 was adopted, the next step was to determine the number of R-C blocks to be used, and the expression of their dependence over SOC and temperature.
In this paper, for the sake of simplicity, the choice of using a single R-C block has been made, and therefore the electric circuit representation of the mathematical model is that shown in figure 4 . where p=(p 1 , p 2 , ….p k ) is the vector of constant parameters describing the actual behaviour of the considered battery model and specimen.
The model is completed by the expressions associating battery operation with inner temperature (1) and those co-relating discharge processes with SOC (2 with 3).
In general, the determination of the structure of functions of the type of (4) can be made by means of comparison between the actual and modelled behaviour in a selected number of tests, determining functions and parameters, and then evaluation of model performance in cases different from those that have determined it. For instance, in tests, the battery current and ambient temperature can be taken as input, and battery voltage, inner temperature, and extracted charge as output (figure 5),
In general, the process of model synthesis and parameter evaluations requires minimising an error function such as:
where X a =(V a ,θ a ) and X m =(V m ,θ m ) are actual and model quantities respectively, and the error function err can be of many kinds, such as, for instance: 
EXPERIMENTAL ESTIMATION OF MODEL PARAMETERS
The next step was to experimentally determine the model parameters.
The battery was first charged (positive current), then subjected to partial-discharge -rest phase cycles. At the end of each rest phase the voltage was independent of the previous battery current, and was a good indication of battery OCV and SOC. The experiment determined the impulse-response of the battery, providing a mechanism to evaluate the parameters for the battery model (result of the experiment shown in figure 6 ).
From the knowledge of the current drawn from the battery at each step and the value of the corresponding rest voltage, a correlation curve between OCV and SOC shown in figure 7 could be derived. 
USE OF THE MODELS ON DIFFERENT BATTERIES OF THE SAME FAMILY
The basic structure of the proposed model is expected to be adequate for several lithium batteries.
In this paper its adequacy for different lithium batteries from the same manufacturers has been evaluated, considering in particular a 7,2 Ah ultra-high power battery. The experiments were all conducted at the same controlled ambient temperature of 20°C, and consequently, in this case, the parameter dependence on temperature was not taken into account.
Starting from the experimental test based on partial step discharges, as shown in figure 6 , the process of parameter identification described above can be followed, obtaining the following expressions: These polynomial expressions, which are functions of SOC were derived for the particular battery under test to calibrate the model. The adequacy of the experimental model was evaluated by feeding the same current profile of the experimental test of figure 6 and comparing the response of the voltages. This is shown in figure 8 After the calibration, the validation of the model was performed using a more realistic test described in [16] , by taking the current profile of a series-hybrid vehicle following a New European Driving Cycle (NEDC) as input and comparing the voltage responses, as shown in figure 9 . The modelled voltage closely followed the one in the experiment, clearly ratifying the adequacy of the experimentally derived model.
CONCLUSIONS
A general procedure to evaluate battery models and parameter estimation, by building upon techniques previously published in literature has been reported.
The technique has been used to derive a mathematical model for a lithium NMC battery, and then experimentally validate and verify the proposed model. The model structure should in principle be adequate for other types of lithium batteries also. This would be investigated in depth in further studies. 
